~" To better understand the role of myelin-associated water in the differentiation of white and gray matter in magnetic resonance (MR) imaging, changes in MR relaxation processes were studied in rabbits during myelination and after induction of cytotoxic edema with triethyltin (TET). Normal rabbits were killed at various age intervals ranging from premature (28 days' gestation) to adult, and changes in MR relaxation times (TI and T2) and in water and electrolyte content were determined for various areas of brain and muscle. Similar measurements were made in rabbits of comparable age exposed to TET. Light and electron microscopy and MR imaging were used to follow myelin development and morphological changes induced by TET. During the first 30 postnatal days, both T1 and T2 declined by 50% in normal rabbits, a fall that paralleled the loss in brain water and sodium that occurred during the same period. Exposure to TET prolonged T~ and T2 in white but not gray matter, reflecting the accumulation of sodium and water (edema fluid) in white matter areas. Multiexponential analysis revealed a second, longer component in Tz magnetization decay of TET-exposed white matter, presumably attributable to accumulation of non-ordered water within intramyelinic vacuoles, a supposition consistent with electron microscopic and MR imaging findings. In contrast to reports by others, changes in TI (but not T2) closely correlated with alterations in brain water (r = 0.93, df = 39). The absence of tissue disruption in the animals in the present study may account for these differences, but further studies will be required both to resolve this question and to fully understand MR images of white matter edema in mature and immature brain.
M
AGNETIC resonance (MR) imaging is a noninvasive method that is now widely used for the diagnosis of central nervous system (CNS) disease. 7224~ Its success is due in part to excellent tissue contrast and characterization, notably the differentiation of gray and white matter. Various MR imaging techniques make possible the delineation of detailed macroscopic anatomy of the brain. Moreover, since the MR signal recorded from brain tumors, edema, demyelination, and other pathological processes of the white matter is altered, the sensitivity and specificity for detecting CNS lesions is enhanced.
In spite of recent advances, our understanding of the morphological, biophysical, and biochemical factors that influence the appearance of MR brain images remains limited. For example, there is still no definitive explanation for the marked contrast observed between gray and white matter in MR images of the brain, nor for the altered appearance of myelin in MR images of the immature brain 2"3 ~ or of brains with myelin-related abnormalities. ~-2 The intensity of the MR signal is dependent not only on the total water and lipid content (proton density) of the imaged tissue volume, but also on the interactions of water protons with macromolecular components of the tissue and large membrane surfaces such as myelin. 24 '~'17"26 These interactions act to restrict the movement of protons, and as a result the magnetic relaxation rates for ordered (bound) water protons are faster than those for non-ordered (free) water protons. 46 '42 Nuclear MR relaxation measurements have been widely used to study the state of water in biological preparations.19"2~ 4~_ This approach has proved of value in the investigation of myelin and myelin-associated water compartments in brain 36 and peripheral nerves, 23, 24 and also in the study of demyelination 24 and experimental brain edema. 3"4~j8"32 Much of this work, however, has focused on the mature brain, which prior to extensive aging has a stable myelin or water content, even though these constituents turn over constantly. In the newborn, these constituents also turn over but, in contrast to adult brain, water and myelin content change markedly, particularly during the perinatal period. Magnetic resonance studies made during these stages of development in humans, 22~'3~34 rats, 26 and gerbils ~ have revealed reductions in the relaxation times (T~ and T~). Kiricuta and Simplhceanu 26 and Holland, et al., 2~ have attributed this change primarily to a postnatal decrease in brain water content, but others 62~ have attributed it to an increase in the macromolecular constituents and structural complexity of the brain. According to Barkovich, et al., 2 the shortening of Tj in developing white matter is most likely related to the interaction of water with protein, cholesterol, or glycolipid constituents of the myelin membrane. On the basis of these results, it has been suggested that images with Tj weighting are best suited for the imaging of myelination, whereas T2-weighted images are optimal for the detection of associated water loss.
A systematic study has been made of the changes in MR relaxation processes during the period of myelination in normal rabbits and in rabbits that underwent chronic exposure to triethyltin (TET) during the same development period. Intoxication with TET has been studied by MR imaging 3~'~2 as a model of cytotoxic white matter edema in adult animals, but we are not aware of comparable MR studies on the effects of TET exposure on the white matter of the developing brain.
Materials and Methods

Developmental Group (Normal Rabbits)
New Zealand White rabbit pups, born in our animal facility to does with known conception times, 27 were used in this study. Fifty-nine animals from eight litters were used to investigate alterations in MR imaging parameters during normal brain development. Animals from the same litters were studied and killed at different ages ranging from 28 days' gestation (4 days premature) to adult. Animals younger than 9 days of age were killed by decapitation, and older animals by an overdose of pentobarbital (50 mg/kg intravenously). The brains were removed as quickly as possible from the calvaria, weighed, and sectioned as described below.
Triethyltin-Treated Rabbits
An additional 41 rabbits, ranging in age from 5 to 15 days (11 animals), 25 to 34 days (15 animals), and 82 to 100 days (15 animals), were randomly assigned for treatment with TET sulfate (1 mg/kg/day intraperitoneally) or with an equal volume of saline (littermate control animals) for 5 days. Since weight loss normally accompanies TET treatment, four additional 25-to 34-clay-old animals were used as pair-fed controls. Each morning, prior to injection, the rabbits were weighed and examined for signs of toxicity. The amount of food offered pair-fed control animals was restricted to the increase in weight exhibited by the TET-treated littermates during the prior 24-hour period. On the 5th day the animals were anesthetized and 1.5 to 3.0 ml of blood was drawn from the heart. The animals were then killed as described above and the brains were quickly removed from the calvaria and weighed. Samples of various areas of brain, spinal cord, and muscle were taken. Each sample was divided into two unequal pieces; the smaller was used to determine tissue water content and the larger to measure MR relaxation times.
Tissue Water and Electrolyte Determination
The water content of specified brain areas was determined by placing tissues in tared weighing vials, weighing the tissue, and subsequently dessicating it to constant weight in a vacuum oven maintained at 98"C. Tissue water, expressed as milliliter per gram dry tissue, was determined by the following equation:
Water content = tissue wet weight (gm) -tissue dry weight (gm) tissue dry weight (gm)
After dessication, the tissues were transferred to plastic test tubes and digested in 20% HNO3 containing 15 mEq LiNO3. The Na § and K § concentrations in tissue digests and in plasma were determined by flame photometry. Plasma osmolality was determined by freezing-point depression.
Light and Electron Microscopy
Tissue samples from 3-, 12-, 19-, and 53-day-old animals were placed in buffered formalin and processed for histological investigations. Sections 10# thick were stained with hematoxylin and eosin and counterstained with Luxol fast blue for myelin. Four of the Group 2 animals (two exposed to TET and two littermate controls) were deeply anesthetized with pentobarbital (35 mg/kg intravenously). The chest was opened and the brain was perfused and fixed with aldehydes via a plastic cannula inserted into the ascending aorta through the left ventricle. The fixatives consisted of 100 ml freshly prepared, warm, 1% paraformaldehyde (1.25% glutaraldehyde in 0.09 M sodium cacodylate buffer) followed by an equal volume of 2% paraformaldehyde (2.5% glutaraldehyde in 0.09 M sodium cacodylate buffer). 25 The time required for cannulation and completion of the perfusion varied from 5 to 10 minutes. The brain and spinal cord were removed and immersed in fresh adlehyde fixative overnight. The next day the tissues were transferred to Sabatini buffer solution and kept refrigerated until sectioned. One-to 2-ram thick samples of cortex, subcortical white matter, midbrain, ponsmedulla, and cervical and lumbar spinal cord were taken and postfixed in Dalton's chrome osmium, followed by 1% uranyl acetate, dehydrated in graded acetones, infiltrated with propylene oxide, and embedded in an Epon-Araldite mixture. Suitable areas for thin sectioning were selected from sections 1 tzm thick stained with toluidine blue. Thin sections were further contrasted with lead citrate. Three or four micrographs were taken of each area sampled.
Magnetic Resonance lmaging
In vivo MR images of brain were obtained with a superconducting magnet operating at 1.89 tesla with a resonance frequency of 81.05 mHz. The images were acquired with the use of a 256 • 256 matrix at 60-to 150-mm field of view and with sine x/x excitations. Sections were 2 mm thick, with an intersection gap varying from 2 to 4 mm. Spin-echo pulse sequences with a repetition time (TR) of 1600 to 2000 msec and an echo time (TE) of 80 to 120 msec were obtained in 21 rabbits of various postnatal ages ranging from 10 to 73 days. Relative intensity and anatomical localization of white matter were examined on the images and compared with age-matched control animals.
Magnetic Resonance Spectroscopy
Spin-lattice (T j) and spin-spin (T2) relaxation times were determined at l0 MHz using an IBM Minispec MR analyzer interfaced with an IBM personal computer for data acquisition and analysis. The instrument has a 0.235-tesla magnet with a 40-mm gap between poles and a sample chamber diameter of 10 ram. The T~ relaxation time was measured by an inversion recovery sequence at 15 different time intervals between the 180* and 90* pulses. Each of these 15 data points along the inversion recovery curve was an average of two measurements. The 15 data points were fitted to an exponential curve by a log linear least-squares analysis. The T2 relaxation time was measured using a 20 spinecho Carr-Purcell-Meiboom-Gill (CPMG) sequence with a 5-msec interval between the 180" pulses. Ten data points, each being the average of 36 measurements, were fitted to an exponential curve by a log linear leastsquares analysis.
Results
Developmental Features of Rabbit Groups
From Day 28 of gestation to postnatal Day 30, body and brain weights increased 18-fold and sixfold, respectively, in normal rabbits (Table 1) . Thereafter, both body and brain weights continued to increase but, as indicated by the decreasing brain:body ratio, brain weight always increased more slowly than did body weight. Brain water and sodium concentration decreased with maturation, most markedly during the first 30 postnatal days (47% and 42%, respectively) and more slowly thereafter (4% and 27%, respectively). Myelin content of the brain, as depicted by the intensity and extent of Luxol fast blue staining, increased markedly from postnatal Days 12 to 53. However, not all areas were rnyelinated at the same rates; the corpus callosum and internal and external capsules lagged behind white matter tracts in the pons and medulla.
There was no significant difference between the respective average starting body weights of control and TET-treated animals ( Table 2 ). Those treated with saline gained an average of 16 (minimum) to 32 (maximum) gin/day during the 5-day treatment period, while TET-treated and pair-fed littermates gained little or no weight. No significant difference was noted between the mean (+ standard deviation) body weights of eight TET-treated rabbits (489 + 118 gm) and four pair-fed littermates (405 _+ 148 gm). Only in the youngest group of TET-treated animals did brain weights fall significantly below those of control littermates. Brain weights of the pair-fed 25-to 34-day-old animals (5.74 _ 0.29 gm) fell significantly below those of the respective TETtreated ones (6.44 + 0.39 gin, p < 0.05).
Symptoms of TET Toxicity
In rabbits assigned to the TET experiments, the most striking and consistent signs of TET toxicity were failure to gain weight, muscle weakness, and lethargy. These signs appeared earlier (Day 2) and were more severe in the youngest animals, which also exhibited poor righting and planting reflexes and a pronounced motor tremor. By Day 5 most of the youngest animals exhibited ruffled fur, ataxia, lethargy, and diarrhea. Some of these signs also were apparent in the older animals, but these appeared later (usually around Day 4) and were milder. Despite poor weight gain, none of the pair-fed control littermates exhibited motor or behavioral abnormalities.
Changes in Tissue Water and Electrolytes
Age-related decreases in brain water and sodium content in rabbits assigned to the TET experiments paralleled those observed in animals in the developmental study (Fig. 1) . However, water and sodium content in white matter areas of brain, but not in cortex or muscle, was greater in TET-treated animals than in respective littermate controls. In the youngest group of T E T -t r e a t e d a n i m a l s , the greatest increases in brain w a t e r a n d Tables 1 a n d 3) . T h e w a t e r a n d electrolyte c o n t e n t o f b r a i n areas a n d m u s c l e o f pair-fed rabbits was s i m i l a r to t h a t o f t h e respective control littermates. (Fig. 2) . (Fig. 3 upper left) d e m o n s t r a t e d h i g h e r signal intensity o f the w h i t e m a t t e r t h a n t h e a d j a c e n t g r a y matter. In the agem a t c h e d T E T -t r e a t e d a n i m a l t h e signal intensity of w h i t e m a t t e r was e v e n h i g h e r (Fig. 3 lower left) . In o l d e r saline-treated a n i m a l s t h e m a t u r e w h i t e m a t t e r e x h i b i t e d l o w e r signal i n t e n s i t y t h a n the gray m a t t e r a Fig. 3 upper right) . mals had a signal intensity almost identical to that of the CSF (Fig. 3 lower right) , consistent with the accum u l a t i o n of a large a m o u n t of water within the myelin m e m b r a n e s . While the subcortical a n d hemispheric white m a t t e r (including the frontal white matter, cent r u m semiovale, corpus callosum, a n d optic radiation) was clearly distinguished by its high signal intensity o n the T2-weighted images, there was no observable abnormal signal in the cerebellum, midbrain, or p o n t i n e areas. During the initial 30-day postnatal period, brain MR relaxation times (T~ and T2) decreased by approximately 50% but changed very little thereafter (Fig. 4) . The T~ relaxation times for all sampled areas of brain and muscle generally became shorter with advancing age (Fig. 5 left) . This temporal change was less apparent for T2 (Fig. 5 right) . On a regional basis, TET resuited in prolongation of both Tj and T2 in all brain areas except the cerebral cortex and in muscle. In the youngest group of animals, this prolongation was most marked in the spinal cord, followed by the pons-medulla, white matter, and midbrain. In the older animals, prolongation of T~ and T2 was most pronounced in white matter followed by the spinal cord, pons-medulla, and midbrain. For subcortical white matter and muscle of pair-fed animals, T I but not T2 was significantly longer than respective values obtained from littermate controls.
Light and Electron Microscopic Findings
t i o n o f t h e subcortical w h i t e m a t t e r , m i d b r a i n , p o n s -m e d u l l a , a n d spinal cord, b u t n o t in spinal c o r d n e r v e roots. E l e c t r o n m i c r o g r a p h s i n d i c a t e d t h a t the v a c u o l a t i o n p r e s e n t in the m y e l i n a t e d areas was d u e to splitting o f t h e i n t e d a m i n a r p e r i o d lines b y large a c c u m u l a t i o n s o f clear fluid
Magnetic Resonance Imaging Findings
R e p r e s e n t a t i v e h i g h -r e s o l u t i o n T2-weighted M R images o b t a i n e d f r o m y o u n g s a l i n e -t r e a t e d rabbits
n d was well d i s t i n g u i s h e d f r o m t h e cerebrospinal fluid (CSF, w h i c h e x h i b i t e d t h e h i g h e s t signal intensity) on t h e T2-weighted s p i n -e c h o i m a g e s (
T h e white m a t t e r o f t h e a g e -m a t c h e d T E T -t r e a t e d ani-
Discussion
Dehydration and shifts in electrolytes and water between intracellular and extracellular compartments are natural accompaniments of growth. 15 In humans, total body water decreases from 94% early in fetal life to near 60% at the close of the first decade and, while a great deal of this change is due to the accretion of fat, the water content of lean body mass at maturity is only 72%. J5 Normally, tissue dehydration during development is accompanied by increases in the proportion of intracellular water and potassium and by decreases in intracellular sodium and extracellular water. The brain undergoes similar changes, 46 and the degree of hydration at birth is viewed as a measure of its maturity. maturation, there occurs during early postnatal life a more precipitous loss of tissue water ~5"27 that is related more to weight gain than to age. 9 Evidence that the brain shares in this process includes postnatal decreases in head circumference, l ~ intracranial pressure, 44 and appropriate shifts in intra-and extracellular water and electrolytes. 9"44 Our findings showing that the greatest and most rapid loss of water from rabbit brain occurred during the first 30 postnatal days (Table 1) are consistent with these observations. Our light and electron micrographs confirmed that TET produced a cytotoxic brain edema largely restricted to myelin lameUae (Fig. 2) ~'3~ and, in agreement with others, the severity of the edema and accompanying symptoms were both dose-5 and age-dependent. 43 In the developing animal, chronic exposure to TET interferes with oligodendrogiial proliferation and myelinogenesis, 5 produces latent deficits in myelin basic protein 35 and in motor 3~ and electrophysiological activity, ~3 and (as shown in this and in other studies 4-~8) causes a prolongation of both T, and T2 in brain (Fig.  4) . In the youngest group of animals, prolongation of T, and T2 was greatest in the spinal cord and pensmedulla areas of the CNS, which at this age would be expected to be most heavily myelinated. Areas of lesser myelination, such as subcortical white matter and mid-A. V. Lorenzo, et al.
brain, showed smaller changes, while cerebral cortex and muscle failed to show any change in these parameters. In general, the TET-induced prolongation of MR relaxation times closely paralleled the increases in water content (Figs. l and 6 ) of the respective brain tissue areas (except for white matter in which the changes in TI and T2 were not proportional to the increase in water content). In the older animals, the greatest prolongation of the MR relaxation times, and increases in water content, occurred in the subcortical white matter which would be expected to be fully myelinated at this age. Paradoxically, such changes were less pronounced in the pons-medulla and spinal cord even though these areas in the mature animal are also heavily myelinated. It is not clear why these more primitive areas of brain appeared to be more resistant to TET toxicity in the mature brain, but it is possible that older myelin is more resistant to TET, 43 or that myelin in these areas is less accessible to TET.
By means of multiexponential analyses of CPMG sequences that had a significantly greater number of echoes than normal (1000), a second component in the T2 magnetization decay was detected in the relaxation times for subcortical white matter of older, but not younger, rabbits exposed to TET. The appearance of this second component has been attributed to the accumulation of less-ordered water within swollen intramyelinic vacuoles. 31s'32 This could explain why the second component was not detected in the youngest TET-exposed animals which, as demonstrated by Luxol fast blue staining, possess relatively little subcortical myelin. The interpretation of multiexponential decay in biological tissues is controversial, however, ~6 and although the exponential components may represent different fractions of tissue water which exchange slowly or not at all, these fractions are physically, but not necessarily biologically, identifiable by means of MR imaging.
The MR images revealed that the relative signal intensity of white matter structures, as compared with gray matter, was increased in the immature animal ( Fig.  3 upper left) , and TET treatment further enhanced the signal intensity of the white matter areas both in young and older animals ( Fig. 3 lower pair) . The normal gray matter-white matter intensity pattern of the adult animals ( Fig. 3 upper right) was reversed after TET administration in the anatomical areas that demonstrated T, and T~ prolongation in the spectroscopic measurements. Thus, in general, the imaging results confirmed the spectroscopic measurements and they were consistent with findings of MR imaging of the maturing human brain. In T_~-weighted images, normal maturation was reflected as a reduction of white matter signal intensity relative to that of gray matter, 2 and TET administration resulted in higher white matter signal intensity in both immature and mature animals, consistent with the prolongation of white matter T~ as measured in vitro. The absence of this increased signal intensity in the nonhemispheric white matter structures of older animals is also consistent with the spectroscopic results, which showed less effect in the midbrain and pons.
The marked changes measured in T~ closely paralleled and exhibited a strong correlation (r = 0.93, df = 39) with regional alterations in brain water content observed during development and following chronic exposure to TET (Fig. 6 ). This result is consistent with the supposition that a causal relationship exists between the MR relaxation time T~ and tissue water content, 26 but it contradicts the suggestions of others 2"6"2~ whose studies indicate that T r shortening during development is related more to an increasing interaction of water protons with an expanding macromolecular pool. The latter supposition is supported by in vitro studies showing that the addition of protein to water or CSF shortens the MR relaxation times, presumably by restricting the free motion of water protons. 4't9 However, the situation in vivo is more complex, especially during the early postnatal period of progressive myelination. For instance, even though both the protein and lipid content of brain increase during this period, lipid accumulation outpaces that of protein and, as noted by Einstein, et al.,~4 protein concentration (expressed as a percentage of dry weight) in rabbit brain actually decreased (Fig.  7) . It is possible that an increasing interaction of water protons with the expanding pool of complex lipids and lipid bilayers may contribute to the reduction of TI, 3 but in this respect the hydrophobic nature of myelin lipids must be taken into account. 33 Moreover, myelination of the brains of animals and humans progresses cephalad with development. As a consequence, not only are there large regional differences in myelin content during the growth spurt period, but many brain areas, such as the subcortical white matter, may begin the maximal period of myelination relatively late during postnatal life.~2'14'21"39"45 Indeed, as noted in this study, significant shortening of the MR relaxation times (Fig.  4) occurred prior to the onset of the rapid phase of myelination of subcortical areas, which, as reported by Einstein, et al., 14 and confirmed by our Luxol fast blue results, begins at about 12 days postnatally. Thus, these results suggest that the shortening of T, is more related to postnatal dehydration of the brain than to changes in lipid or protein content, a supposition in agreement with the results of MR imaging studies of human neonatal brains by McArdle, et al. 3~ Even though in our study the percentage decline in T2 was similar to that of T~, the correlation between T2 and brain water (Fig. 6 ) was less impressive (r = 0.68, df = 39), suggesting that the postnatal shortening of T2 may be attributed more to other factors than to brain dehydration.
It is unclear why our results differ so markedly from those of Bederson, eta/., 4 who, following the production of various types of experimental brain edemas in rats, observed that T2 correlated more closely with changes in brain water content than did TI. The lack of cellular damage and/or drastic disruption of the normal cellular matrix in our study may be an impor- tant factor contributing to this difference. It is known that denaturation of proteins, as may occur with freezing, and/or with other insults to the brain that cause the release of lysosomal enzymes, 2s'37 markedly prolongs MR relaxation times. ~~ Clearly, further studies will be necessary to obtain a better understanding of the development of edema in the immature and mature brain before such questions can be resolved. It is hoped that the results of such studies will provide a basis for the differentiation and classification of brain edemas by MR imaging.
